Untreated and nano-based compound treated chestnut, wild cherry, fir, and black pine wood samples were immersed in water at four different temperature levels. It was found that the nano-based compound was a very effective agent for lowering both the initial and maximum equilibrium transverse swelling of wood. However, the latter were found to have similar trends as the initial swelling properties. The surface treatment appeared not to improve the maximum water absorption. The highest average activation energy was calculated for chestnut (23.1 kJ/mole), followed by pine (20.2 kJ/mole), cherry (18.1 kJ/mole), and fir (16.2 kJ/mole). However, the nano-based treatment resulted in a small increase in activation energies of all wood species. It was found that absorption of water into wood as well as increasing temperature had a lowering effect on shore D hardness.
INTRODUCTION
Wood as a lignocellulosic material has for hundreds of years played a major role as an element in infrastructures and raw material for valuable products. Even today wood is valued as a renewable resource in a wide range of industrial applications. However, solid wood is heterogeneous, hygroscopic, and susceptible to biological degradation by fungi, insects etc. Especially, its dimensional increase (swelling) is a major problem, and difficulties frequently occur when the relative humidity of the air surrounding the wood changes (Mantanis 1994, Berry and Roderic 2005) . Since wood properties are highly related to amount of water in it, understanding wood-water interactions therefore is a key research area for all uses of wood-based materials.
Interactions between wood and water have been a topic of research for many years. Several studies have been carried out and theories have been considered on the wood-water interaction (Siau 1984 , Simpson 1993 .
Water can be directly attached hydrogen bond to wood through hydroxyl groups and indirectly through modified water structure (Berry and Roderic 2005, Rowell 2005 ). Water molecules may enter and transfer from amophous regions and primarily being hydrogen bonded to the hydroxyl groups in the lattice (Siau 1984) . This requires a suitable space and energy level to allow sorption to occur.
Due to the interaction between large cellulose chains and small polar water molecules, a wood-water system at equilibrium state may be considered as a non-ideal binary solution. In such a system, adsorbed water molecules in wood are considered to be mobile. However, it is important to notice that the adsorbed water is relatively stable around the sorption sites due to the chemical forces.
A number of studies on sorption theories relating to wood-water system have been proposed in the literature , Ishimaru and Lida 2001 , Albert et al. 2005 , Sahin 2007 ). However, most of the approaches provide some equations for correlating data through curve fitting and ascribe this to the complexity of the polymeric structure of wood. A well-stated approach developed to describe wood swelling by water and organic liquids is that of Mantanis (1994) , which has been employed by several researchers (Rowell 2005 , Sahin 2007 and 2008a .
Α number of approaches have been used so as to reduce the swelling of wood. The varying moisture content of wood results in dimensional and conformational instability, which can compromise the performance of other materials combined with wood, such as adhesives and surface coatings. Until recently, these shortcomings were addressed by impregnating wood with appropriate hydrophobes and other chemicals (Kumar 1994 , Rowell 2005 , Hill 2006 ). In addition, wood can be modified chemically or thermally so that selected properties, such as dimensional stabilisation, be improved in a more or less permanent fashion (Hill 2006 ).
An option to further reduce the swelling of wood in end-uses is to exploit the solutions that nanotechnology can offer today. Employing nanotechnology on wood can result in a next generation of products having hyper-performance and superior service ability when used in severe environments, since it is well known that the cell wall of wood exhibits porosity of molecular scale dimensions due to the partial filling of space between the cellulose microfibrils by lignin and hemicelluloses (Wegner et al. 2005, Wegner and Jones 2006) . Due to their small size such nanoparticles can deeply penetrate into the wood, effectively altering its surface chemistry and resulting in a high protection against moisture (Mantanis and Papadopoulos 2010a, 2010b) .
The aim therefore of this study was to examine the influence of a nano-based surface compound on several wood species when immersed in water by measuring average transverse dimensional changes, water absorption and surface hardness. Through this study, we hope to bring light on how the wood-water interaction changes during swelling and how to monitor these changes through the use of conventional measurements.
MATERIALS AND METHODS
Four different wood species, two softwoods and two hardwoods, were used in these experiments. Chestnut (Castanea sativa) and wild cherry (Prunus avium) were supplied from the Black sea region of Turkey, while fir (Abies cephalonica) and black pine (Pinus nigra) were supplied from Pindos, Grevena area, of Greece. Five samples from each species were cut into 20 mm (tangential) × 20 mm (radial) × 15 mm (longitutinal) blocks from sapwood and oven-dried for 48 hours at 50°C prior to experiments.
By measuring dry volumes and weights of fir, black pine, cherry, and chestnut blocks densities of 410 kg/m 3 , 520 kg/m 3 , 520 kg/m 3 , and 600 kg/m 3 were estimated, respectively.
A new nano-based compound, namely SurfaPore™ W, was supplied by NanoPhos SA (Lavrio, Greece) and selected in order to investigate the potential of improving thickness swelling (TS) of the wood samples. SurfaPore™ W is a water based formulation designed to harness the power of nanotechnology in order to preserve absorptive wooden surfaces. The formulation consists of three different nanoparticle sizes, specially designed to penetrate into the wood mass. The finest nanoparticles are intended to penetrate through the capillaries and bond with the hydroxyl groups of the cellulose content. The larger nanoparticles are intended to penetrate at the appropriate depth and react with the wood polymers. Finally, the formulation is completed by a nano-emulsion of paraffin that is intended to ensure surface protection. This nanocompound is composed of metal oxides; namely, titanium dioxide and zinc oxide. The physical and chemical properties of this nano-based compound can be found elsewhere (Mantanis and Papadopoulos 2010a, 2010b) .
The wood samples were immersed in distilled water at four different temperatures, that is, 23, 50, 75, and 100°C (±5°C), respectively. The average initial (5 min) and average maximum equilibrium transverse directional swelling properties were determined, waited till there was no more swelling. Wood swelling in the radial and tangential direction, usually called the transverse direction, is always much higher than that in the longitudinal direction and usually the former is taken into consideration for monitoring dimensional changes. Hence, transverse directional swelling of each wood species was calculated as the average of the radial and tangential swelling values.
After maximum equilibrium swelling measurements, wet samples were air-dried (23±2 o C) for 48 h and then they were dried in an oven for 24 h at 105°C (±3 o C) for the determination of the final weight and hardness properties. Rowell and Ellis (1977) stated that wood treated with chemical agents may impart dimensional stability in water. However, they suggested that it might be better to determine dimensional stability of wood after the first soaking cycle. Further soaking cycles could give misleading results because the first soaking cycle removes most of the agents that have bound to wood cell wall constituents (Mantanis and Papadopoulos 2009b) . Therefore, after the first soaking cycle of the samples, the effects of nanoparticulate treatments on dimensional changes were measured, and these were compared with the untreated samples.
All swelling measurements were made with a Mitutoyo-500 caliper (±0.02 mm). Using the methodology developed by Mantanis (1994) and Sahin (2007) , the activation energy of wood was calculated by using the Arrhenius equation. A complete description of the Arrhenius equation as well as the calculation methodology of the wood activation energy (EA) from an Arrhenius plot is given elsewhere (Mantanis 1994) . The average transverse activation energy of wood species was measured by using the average of both tangential and radial EAs.
For measuring surface hardness properties of wood, a Shore hardness (Scale D) instrument was utilised. The surface hardness properties of both untreated and nano-based compound treated samples were measured at wet stage, higher than the fiber saturation point, and at dry stage (air-dry), seperately. For each direction, five measurements were made. The average surface Shore-D hardness properties were calculated by using the following equation:
Shore-D Hardness (Degree) = (Tangential hardness + Radial hardness) ÷ 2
(1) Table 1 shows the average swelling in the transverse direction of untreated and nano-based compound treated wood at varying temperatures and times. The measurements showed that the nano-based compound is an effective agent for lowering the initial swelling rate of wood. However, the greatest initial swelling improvement was determined at 23º C (room temperature) for fir (56.1%), followed by pine (47.6%), chestnut (30.7%), and cherry (20.4%). No statistical analysis was carried out in these results. Increasing the temperature typically resulted in a higher initial swelling rate in both untreated and treated samples. This is probably related to wood-water interactions, since reaction mechanism in the wood-water system primarily depends on the chemical interactions between those; it is probable that increasing kinetic energy in wood-water system results in easier accessibility of water to the bulk of wood.
RESULTS AND DISCUSSION
The maximum equilibrium transverse swelling properties of wood were found to have similar trends as the initial swelling properties; that is, increasing water temperature usually influenced more swelling for both untreated and nanocompound treated samples. However, the nanocompound treatment resulted in some improvement effect on wood species at different temperature levels. The greatest maximum equilibrium transverse swelling improvement was determined for fir at 100º C (13.2%), for pine at 50ºC (11.1%), for cherry at 75º C (32.1%) and for chestnut at 100º C (15.9%), respectively. It is assumed that the nano-based compound treatment acts on the wood-water interaction possibly with its molecules reducing the surface energy, hence, promoting the dimensional stability with water. However, when enough energy had been generated in the wood-water system such as, increasing temperature and/or reaction time, it affected the broken nanoparticulate-wood bonds, resulting in an increase in volume (swelling). It has already been well demonstrated that increasing temperature can have detrimental effects on wood surface agents (Sahin 2008b) . The result found with the nano-based compound treatment in this study is in very good agreement with similar results found in the literature (Mantanis 1994 , Sahin 2008b , Mantanis and Papadopoulos 2010b . The highest average EA was calculated for chestnut (23.1 kj/mole), followed by pine (20.2 kj/mole), cherry (18.1 kj/mole), and fir (16.2 kj/mole). Although a little lower EAs were calculated for cherry, which is a hardwood with a density equal to that of black pine, these results are not surprising; a number of researchers have already reported strong correlations between swelling, density, and wood chemical constituents that are closely relating to wood swelling (Mantanis 1994 , Rowell 2005 , Sahin 2007 , Sahin 2008a . Nevertheless, the wood-water interaction is a phenomenological issue and cannot be affected by single properties (e.g., wood density). Hence, anatomical features and chemical constituents (i.e., extractives) have also considerable influence on wood swelling (Berry and Roderic 2005 , Rowell 2005 , Sahin 2007 ).
Moreover, it appears that nano-based compound treatments yielded increased EAs of wood. This means that nano-based compound treated samples swell more slowly and exhibit lower transverse swelling. The results shown for initial and maximum equilibrium transverse swelling properties of wood (Table 1 ) support this finding. The maximum EA was observed with nanocompound treated fir (37.3 kj/ mole), followed by nanocompound treated black pine (28.7 kj/mole), nanocompound treated chestnut (26.4 kj/mole), and nanocompound treated cherry (19.2 kj/mole), respectively.
Figure 1. Transverse average activation energies of untreated and nanotreated wood species
The maximum water absorption of untreated and nano-based compound treated samples at four temperature levels are shown in figure 2. As expected, there was a correlation between temperature and water absorption for both untreated and nanocompound treated wood material. It was found that increasing temperature increased water sorption of both untreated and treated wood (Figure 2) . For fir, the maximum water absorption occured at 100º C (approx. 52.1%), much higher than that at room temperature. However, the maximum water absorption for pine, cherry and chestnut was found to be at 75ºC, that is, approx. 53%, 38% and 35% higher than that observed at room temperature, respectively.
Interestingly, the nano-based compound treatment appeared not to improve the maximum water absorption of wood. This is somewhat surprising, considering that it were observed lowering swelling properties and decreasing swelling rates (increasing EAs) for the same species. However, nanoparticulatetreated samples showed higher water absorption at higher temperatures. The highest water absorption for nano-based compound treated material was found to be 131.1% for fir at 100ºC, followed by 88.6% for chestnut, 80.4% for cherry, and 63.2% for pine at 75ºC. The increase in the water absorption of wood species with the increase in temperature suggests a chemical reaction mechanism occurring during the water-wood interaction, but there was no specific correlation between swelling and water absorption whatsoever. It is likely that the wood's chemicals were modified with increasing temperature and affected the creation of more surface area for water molecules, especially in the cases of lignin and water-soluble extractives, which can be modified by the heat. Similar results have been reported for several species by Mantanis et al. (1995) and Sahin (2007 Sahin ( , 2008a . Comparative results of the surface hardness of untreated and nano-based compound treated wood, above the fiber saturation point, at four temperature levels, are shown in Table 2 . It was realised that absorption of water into a hydrophilic polymer (e.g., wood) showed considerably lowering effects on Shore D hardness of wood. It was found to lower the Shore-D hardness by 19, 16, 10, and 9 degrees at room temperature, for pine, fir, chestnut, and cherry, respectively, as compared to control samples. In addition, the temperature increase had a further lowering effect on shore D hardness. This was rather expected, because water can act as a plasticizer and it is well known that increasing temperature can further have plasticizing/softening effects, as shown in this work. Interestingly, the nano-based compound treatment typically lowered the Shore D hardness properties of wood by a few points under similar conditions. It is suggested that the nanocompound can lower the surface energy, hence promoting the dimensional stability of wood. However, this is not enough for lowering water absorption as well as improving surface hardness. Table 3 shows comparative results for the surface Shore-D hardness of untreated and nanocompound treated wood species after being immersed in water and air-dried. It was found that the surface Shore-D hardness of wood increased after drying in the air. However, increasing treatment temperature resulted in higher Shore-D hardness. Like previous findings (Table 2) , the treated samples typically had lower Shore-D hardness as compared to untreated samples under similar conditions. The largest Shore-D hardness decrease of nanocompound samples was found to be 6 degrees for fir at 50ºC, 8 degrees for pine at 23ºC, 5 degrees for cherry at 50ºC, 75ºC and 100ºC, and 3 degrees for chestnut at 75ºC.
It is clear that the nanocompound used was not an effective agent for improving water absorption and surface hardness of wood at either above fiber saturation point, or after air drying. This is somewhat surprising considering the observed improvements in dimensional stability. However, this observed variability indicates that the types of wood species -although they might be chemically and anatomically different-are sufficiently similar to allow a consistent surface modification with water. Table 3 . Average Transverse Shore-D Hardness of Immersed in Water and Air-Dried Wood Lignocellulosics have been studied regarding Shore-D hardness by a number of researchers (Patil et al. 2000 , Magalhaes and da Silva 2004 , Misha and Naik 2005 . Increasing Shore-D hardness has been exhibited with styrene-treated Caribbean pine and maleic anhydride-treated fiber composites (Magalhaes and da Silva 2004, Misha and Naik 2005) . However, Patil et al. (2000) reported that moisture absorption had a detrimental effect on the mechanical properties of the wood-polymer composites (e.g., Shore-D hardness).
CONCLUSIONS
Surface treatment with a nano-based compound was found to be effective for lowering initial and maximum equilibrium average transverse swelling of four wood species. However, it was not proven an effective agent for improving water absorption and surface hardness of woods at either above fiber saturation point or in the case of air-dried wood. It is likely that this particular nano-based compound can lower the surface energy, hence promoting the dimensional stability of wood. However, this is not enough for lowering the water absorption as well as increasing the surface hardness.
